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In this paper we employ a deterministic analysis 
technique to characterize the dynamic queueing as- 
pects of window protocols. The deterministic behav- 
ior of these protocols and the deterministic influence 
of the resources along the physical path are explicitly 
considered in the evaluation of path queue behavior. 
Transient and steady state queue behavior of fixed and 
sliding window protocols are investigated. We discover 
the existence of significant nonlinearities in the dynam- 
ics of queue activity. 

Window protocols are viewed as logical simplex 
pipes. These pipes connect a sender and a receiver 
through a series of heterogeneous physical resources 
which provide a path of finite delay between them. 
Links and nodes make up the path resources which 
supply physical connectivity. The resource with the 
largest delay is called the bottleneck resource. 

Dynamic queue behavior is obtained by explicitly 
considering the fact that feedback mechanisms em- 
ployed by window protocols make them inherently 
cyclic. Thus a group of packets, called a window, en- 
ters the network every cycle. The concept of a win- 



dow can be formalized in terms of containers which 
are made available to carry packets through a path. 
Packets cannot be transmitted without a container. 
Controlling the number of containers available at the 
protocol sender controls the amount of data flowing in 
the path. 

Packet transmission by the sender, using the first 
link, can occur when either the link changes its status 
from busy to free or an acknowledgement is received. 
The sender is considered "greedy" since fundamental 
sender operation is to transmit as long as both packets 
and containers are available. 

Deterministic behavior occurs whenever the arrival 
rate of packets to the sender is such that there is always 
a packet available for transmission. This situation oc- 
curs frequently in networks for all types of traffic. In 
fact, the whole class of "Batch" traffic satisfies this ar- 
rival situation because of the rapid generation of pack- 
ets by batch applications. The following assumptions 
were employed for this analysis. 

1. The path is initially empty. 

2. Packets are always available for transmission by 
the sender. Thus data flow only stops when the 
sender expires his container supply. 



3. All packets (including those containing a request 
or acknowledgement) are the same size. 
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4. No cross traffic is present. 

5. There is no loss or reordering of packets. 

6. All resources follow a work conserving discipline. 

7. We define that departures from one resource occur 
at the same time instant as arrivals to the next 
resource. 

Fundamental packet and resource activity shows 
that the bottleneck exerts a major influence on path 
behavior. This is seen for two reasons. First, when 
load is heavy, packets depart from the path under con- 
trol of the bottleneck. Thus, the bottleneck controls 
path throughput. Second, if a packet is delayed any- 
where along the path it also waits at the bottleneck. 
Thus, the bottleneck controls the timing of window 
protocol acknowledgements and all resource utiliza- 
tions. 

The queue formation process is seen as a by-product 
of the heterogeneous delays that exist along a path. 
Whenever a higher speed resource exists at the sender, 
then queue sizes increase normally at slower resources 
along a path during any period of continuous sender 
transmission. Clearly, if path resource delays are equal 
along a path or a slower resource exists "upstream" , 
then no queue buildup can occur "downstream" from 
the slower or equal speed resource. Thus, queue build 
up along a path only occurs at, or prior to, the bot- 
tleneck location. Once the path is full, whenever both 
the bottleneck and the protocol sender are transmit- 
ting, then packet build up along the path occurs at the 
same rate that containers are consumed at the sender. 

Since the arrival rate of packets to any queue is lim- 
ited by the slowest upstream resource in the path, we 
only examine paths with increasing resource delays. 
Paths without these exact characteristics do make up 
a substeintial portion of many actual network environ- 
ments. Queues within these paths can be analyzed 
by looking further upstream for an appropriate arrival 
rate. This is done by shifting packet arrival times 
through the use of a constant for each queue. 

Results show that window protocol activity, along 
with physical path delays and the value of the win- 
dow size, controls both the magnitude of queue sizes 
and their rate of change. In addition the cyclic behav- 
ior of the window protocol sender causes cyclic queue 
activity all along the path. 

Queue activity is found to have three distinct phases. 
The initial phase describes queue build up behavior. 
This phase begins with the arrival of the first bit of 
the initial packet at any queue. Packets arrive at a 
rate controlled by the previous upstream link. Queue 
build up continues until packet arrivals from the previ- 



ous upstream resource temporarily stops. The second 
phase describes a short pause until arrivals begin again. 
Thus, any queue built up during the first phase begins 
draining. The third phase consists of a queue finding 
a cyclic pattern of packet arrivals from a previous re- 
source. Solutions for the occurrence of each phase can 
be obtained through an iterative process. This pro- 
cess involves solving for the same information in the 
previous resource queues back to the base case of the 
window protocol sender. 

Additional results show the behavior of window pro- 
tocols often forces large queues to appear near a win- 
dow protocol sender during initial protocol activity. 
At each queue, the maximum queue size occurs at or 
right after queue depletion of the previous upstream 
resource. Thus queues always drain and appear fur- 
ther "downstream" as data transfer continues. We re- 
fer to this activity as queue migration. The speed at 
which a particular queue drains is called the Queue 
Drain Rate. This rate is shown to be a function of 
the speed of the resource the queue is feeding and of 
the bottleneck speed. Queues can be considered mi- 
grating at the Queue Drain Rates of the various re- 
sources. Queue migration continues until the bottle- 
neck is reached. At this point in time, if the window 
size is large enough, a large queue can be (and often 
is) permanently maintained at the bottleneck. This be- 
havior agrees with similar behavior described by finite 
population closed queueing systems. These systems 
observe that at steady state you are most likely to find 
a queue in front of the bottleneck resource. 

Steady state begins once sender transmission be- 
comes cyclic at the bottleneck rate. The queue migra- 
tion process begins at this same time. One intriguing 
result is that once the sender enters steady state, the 
total queue time along the path for the request packets 
is an invariant. This is true even while queue migration 
is still occurring. 

It is interesting to note that despite of the wide 
spread use of window protocols no deterministic anal- 
ysis of their queueing behavior seems to exist. Yet, the 
approach taken in this researcli appears very promis- 
ing. Because deterministic dependencies are most ev- 
ident when a load exists, this deterministic analysis 
technique also allows the accurate determination of 
queueing activity during significant network load, a 
time network designers consider most critical. The 
results are applicable to the window protocol mech- 
anisms for congestion and flow control in SNA, and 
TCP. 
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